. Geochemical evidence of the existence of photosynthetic microbial mats, and their mineralized counterparts, stromatolites, has been identified in rocks as old as 3.0 Ga (Beukes and Lowe, 1989) . As a living repository of genetic, physiological, isotopic, and biogeochemical information on the co-evolution of a planet and the only biosphere known, modem microbial mats are invaluable objects of study.
Modem microbial mat studies have provided important insights on rates of biological activity (Revsbech et al., 1983; Canfield and Des Marais, 1993; Des Marais, 1995) , genetic diversity (Ward et al., 1990; Garcia-Pichel et al., 1998; Ntibel et al., 2001) , stable isotopic fractionation (Schidlowski, 1988; Des Marais and Canfield, 1994) , organic (Boon, 1984; Ward et al., 1985) , and atmospheric (Visscher and Van Gemerden, 1991; Visscher and Kiene, 1994; Hoehler et al., 2001) biomarkers, as well as minerals, (Reid et al., 2000) that have been used to interpret the fossil record of these communities over geologic time. (Jorgensen et al., 1979) . Counteracting gradients of oxygen and sulfide shape the chemical environment and provide daily-contrasting microenvironments separated on a scale of a few millimeters (Revsbech et al., 1983;  Revsbech and restricted distribution is thought to be due primarily to the higher rates of grazing in more moderate modern environments (Garret, 1970) , although alternative hypotheses have been forwarded. In any event, the limited geographical distribution of mats on the present day Earth also serves to limit their usefulness as analogues of similar ecosystems growing in more diverse ancient environments. Environments that are not well represented on the modern Earth, but which have been extremely important over evolutionary time, include marine environments having low concentrations of sulfate, and/or free oxygen (Holland, 1984; Canfield and Teske, 1996) . (Wilson and Botkin, 1990) . Some microbial processes either do not occur in culture (e.g., anaerobic methane oxidation, (Reeburgh, 1980) , and sulfate reduction under aerobic conditions (Canfield and Des Marais, 1991)) or occur at rates vastly different than rates observed in nature. In addition, relatively few (less than I%) of the total number of microbes present in nature are available in culture (Ward et al., 1990; Amann et al., 1995) . 
Materials and Methods

Lipid Biomarker Analysis
Gas chromatographic profiles of fatty acids (FA) (as fatty acid methyl esters, FAME)
were used to monitor changes in group-specific biomarker compounds in the surface layers of the mat community. Sections ca. 25cm 2 and 1 cm in depth were removed from the greenhouse mats on 9/15/00 and immediately dissected. Samples for fatty acid analysis were taken from freshly collected mats at the field site in November of 1998 and waspreparedby precipitationin cold acetone.The remainingacetone solublelipids were separated by thin layerchromatography usinga methylenechloridesolventsystem (Jahnkeet al., 1992) . The remainingglycolipidsin theorigin zone(0-1 cm) andthe sterols(ca.2.5-3.5cm)wererecoveredfrom the silica gelby B&D extraction. Thepolar lipid fractionswerepooledandfatty acidmethyl esters(FAME) preparedby a mild alkalinemethanolysis procedure (Jahnkeet al., 2001) . GC-MS analyses of FAME or sterolsasTMS ( Figure 2) . Two major bands were present in all of the mat samples (Band b and Band c). In the greenhouse treatments (Figure 2A) n-14:0, n-17:0, n-18:0, n-17:1, n-20:l, n-20:2) together with various terminally branched FA (i-14:0, i-15:0, ai-15:0, #16:0, i-17:1, i-17:0, ai-17:0) were present in relatively uniform amounts in all samples. However, subtle differences for TEFA compositions in the surface layer and underlying Microcoleus layer of natural mats were noted that were also apparent in the greenhouse mats even after 4 months of experimental treatment (Figure 3) . The surface layer tended to have higher levels iso-15:1 and iso Figure 4) . Oxygen fluxes to the water column, calculated from the gradients of these profiles, agreed with oxygen fluxes calculated from in situ profiles over a wide range of light intensities ( Figure 5) .
Similarly, net rates of 02 and DIC production and consumption as determined using flux measurements were similar to those measured in freshly collected mats (Table 2) , after allowances are made for the relationship between rates of photosynthesis and seasonallydependent levels of illumination in the greenhouse. Fluxes of methane from the greenhouse mats were reduced slightly (60%) from those in freshly collected mats and were essentially equal day and night (Table 2 ). In gas bubbles collected at the mat surface, H2 partial pressures in the low salinity control mats are very similar to those observed in the field ( Table 2) .
The Greenhouse as a Facility for Experimental Manipulations
Over the course of the experiment, dramatic differences in the appearance of mats maintained at in situ ("NORMAL" = 90 %0) and elevated ("HIGH" = 120 %o) salinities became apparent. Mats held at high salinities assumed a much more orange color than (Kenyon, 1972; Murata et al., 1992) , and these analyses do not necessarily preclude increased abundance ofHalothece spp. lacking these PFA. An increasein the diatompopulationin the HIGH salinitymatswasmorereadily documented by increased amountsof two diatombiomarkers, the polyunsaturated FA, 20:4 and20:5,andthe sterolcomposition. The 20:4and20:5togetheraccountedfor 4.38 mg gmlTOC in the HIGH salinity matsandonly 3.16mg grn-lTOCin the NORMAL salinity mats. Both of thesevaluesareconsiderably higherthanthe naturalmatsamples (ca.0.6mg grn-l).
In general it is thoughtthatbacteriarespondto highersalinity by synthesizingfatty acids with lesssaturationandlessbranchingin orderto decrease membranefluidity (Russell, 1993) ,however,in a halotolerant microalga,Dunaliella salina, growth at higher salinity is associated with an almost 50% increase in the proportion of 18:3 (A1- Hasan et al., 1987) . The increase in this PFA is associated with the mono-and digalactosyldiacylglycerols which predominate in photosynthetic membranes. Sterols, a direct indication of the presence of microeukaryotes in these mat samples, were also more abundant in the HIGH salinity treatment with 1.20 mg grn l vs. 0.74 mg gm 1 for NORMAL.
The two sterols that serve as diatom biomarkers, 24-methylcholesta-5-en-31301 and 24-methylcholesta-5, 22-dien-313ol, (Volkman, 1986) accounted for ca. 80% of the total in both greenhouse samples.
There were no differences observed in oxygen profiles in the NORMAL and HIGH salinity mats (Figure 4 ). Fluxes of 02 were measured at the outset (June, 2000) of the parallel treatment of the mats at two salinities, and five months later (November, 2000) .
In both cases, no differences in 02 fluxes were apparent between the two salinity treatments, either regarding the rate of export of 02 to the overlying water column during the day, or in the uptake of O2 at night (Rates Data Table) . In contrast, rates of methane production from the NORMAL and HIGH salinity mats, which showed no difference for the majority of time that the experiment was running, did appear to be different at the last sampling (8-9 November, 2000) with higher rates recorded in the normal salinity treatment. H2 partial pressure in photosynthetic surface bubbles from the HIGH salinity mats was about half that in the NORMAL salinity mats.
Discussion
For a period of at least one year, microbial mats that were maintained in the greenhouse facility resembled field collected microbial mats with respect to their overall appearance, cyanobacterial community composition, and rates of biogeochemical cycling. High rates of activity and fast doubling times of microbial populations contribute to the adaptability of these ecosystems, however these attributes also make mat systems especially challenging to preserve in their original, natural states. The phenomenon known as "greening" in which motile cyanobacteria migrate to the surface of the mats, and remain therein response to loweredirradiance, is commonin matsmaintainedunderartificial illumination (BeboutandGarcia-Pichel, 1995) . Microbial matsremovedfrom their naturalenvironment, andmaintainedin largeoutdoorpondsbecame"overgrown" with populationsof cyanobacteria thatarenot necessarily well-represented in situ (Abed and Garcia-Pichel, 2001 ). and Smith, 1980; Houchins, 1984) .
The fact that little or no difference is apparent between greenhouse and natural mats suggests that the basic flow and light regimes of the natural environment are recreated to a very high degree in the greenhouse setting.
We believe that the greenhouse approach documented here is among the most successful of the efforts to date to produce an environment appropriate for the long term study of these important microbial communities. When compared to previous efforts to maintain microbial mats, our results indicate that two factors are likely to be more important than others in simulating the field environment, namely water flow and the light regime.
A very thin (ca. 0.5 ram) layer of stagnant water, the diffusive boundary layer (DBL), is situated at the interface between any microbial mat community and the water column, even under conditions of high water flow (Jorgensen and Des Marais, 1990) . The transport of all solutes between the water column and the mat occurs exclusively by molecular diffusion through the DBL, and so the thickness of this layer sets the rates at which this exchange may take place. Rates of activity, including rates of primary production in microbial mat communities, may be controlled by the rate at which carbon dioxideandoxygendiffuseacrossthe DBL (Garcia-Pichel et al., 1999) . In the greenhouse facility, wateris constantlycirculatedoverthe mats,atenvironmentally realistic flow velocities,usingpumpshavingceramicimpellers. The similarity of greenhouse O2concentration profiles,02 fluxes,andDIC fluxes to thosemeasured in situ suggests that the greenhouse flume system closely reproduces the environmental flow field and DBL control on mat-water solute exchange. Microelectrode-based measurements of DBL thickness in situ and in greenhouse flumes confirm this finding ( Figure 4) .
In photosynthetic microbial mats, all of the energy necessary for growth and maintenance of the community is ultimately derived from the sun's radiant energy. Therefore, these mats are highly sensitive to the intensity and spectral composition of photosynthetically available radiation at the mat surface. Furthermore, many mat microorganisms are motile, utilizing light and/or ultraviolet radiation as a cue to adjust their position in the mats vertically (Castenholz, 1994; Bebout and Garcia-Pichel, 1995) . Therefore, oxygen production and consumption by these phototrophic organisms, as well as their sensitivity to ultraviolet radiation, determine the physical structure of the entire mat community.
Mats maintained in the greenhouse facility have access to natural solar radiation. 
